Graphene nanomesh (GNM), a new nanostructure of graphene, has attracted extensive interest recently due to the promising chemical, electronic and photonic applications. In this paper, another important property e thermal conductivity is systematically investigated by using molecular dynamics simulations. The thermal conductivity (k) is found to be extremely low, up to more than 3 orders lower than the pristine single layer graphene. Roughly, k decreases exponentially with increasing porosity and linearly with decreasing neck width, and is not temperature sensitive in the range of 300 Ke700 K. k of GNMs is found to be even up to 200-fold lower than the graphene nanoribbons (GNR), a potential thermoelectric material, of the same neck width and boundary-to-area ratio. The extremely low k in the GNM makes it a potential candidate for thermoelectrics. The phonon participation spectra show that the low k in GNM is due to the localization and phonon back scattering around the nanopores. We also find that the phonon coherence in two dimensional superlattice GNM indeed exists, but is not as important as in the one dimensional superlattices. The isotope effect is negligible. The thermal conductivity reduction by edge passivation increases with increasing neck width and porosity.
Introduction
Graphene nanomesh (GNM), a graphene sheet with periodically arranged nanopores, has attracted extensive attention in recent a few years due to the promising applications in the field-effect transistors [1e8], vapor detection [9e11], photothermal therapy [12] and energy storage [13] . GNMs can be viewed as networks of graphene nanoribbons (GNRs), but GNMs have significantly higher on-off ratio and larger supported current than GNRs [1, 14] . It has also been shown that GNMs have a strong negative differential conductance which is useful for high frequency applications [15] . Those new electronic and electrical properties are mainly owing to the opening of a tunable band gap by the periodically arranged pores, whereas the new chemical properties are mainly owing to the large porosity.
Although the electronic, chemical and photonic properties of GNMs have been extensively studied [1e13], the thermal properties of GNMs has seldom been investigated [16, 17] . Since the GNM based devices work at a certain temperature region, the thermal transport study is important to guide thermal management. Also, the thermal conductivity k is a key factor to determine the application of GNM to thermoelectric energy conversion [18] , since the opening of a band gap in GNM makes it possible for thermoelectrics. The GNMs can be viewed as networks of GNRs, which have been shown to have a high thermoelectric figure of merit ZT [19, 20] of 2e3 at room-to-high temperatures by adjusting the dopants and engineering the boundaries.
Simulation setup
In this work, we systematically investigate the thermal conductivity in GNMs and discuss potential applications in thermoelectrics. In Fig. 1 , we show the GNM samples with (a) squarely arranged circular pores (SC), (b) hexagonally arranged circular pores (HC) and (c) hexagonally arranged hexagonal pores (HH). Previous theoretical work that studied the electronic property covered all three types of structures [14,15,21e25] , while experimental work was mainly focused on the HC-GNM [1e8, 10, 11] . The current experimental technique can fabricate the GNM with neck widths as low as 5 nm [1] , and this value should be further reduced as the technique develops. The minimum neck widths of the GNM is about 0.75 nm to maintain the stability of the atomic structure, based on our molecular dynamics (MD) simulations at 300 K. Therefore, in this work, each GNM structure is studied with three different neck widths of 10 nm, 5 nm and 0.75 nm. For each value of the neck width, we investigate the thermal conductivity with a wide range of porosity P, which is determined by the neck width W neck and the pore diameter D with
in the HC-GNM and
Limited by the condition of ðW neck =D þ 1Þ À2 < 1, the upper limits of P in those structures are 79%, 91% and 100%, respectively. In this work, we study the SC-GNM, HC-GNM and HH-GNM with porosity varying in 10e75%, 10e85% and 10e99%, respectively, and as a result, the pore diameter varies from 0.3 nm to 200 nm.
The thermal conductivity k of the GNMs is calculated by the GreeneKubo (GK) method based on equilibrium molecular dynamics (EMD) performed using LAMMPS [26] with the optimized Tersoff potential [27] , which produces significantly better lattice properties such as the lattice constant and phonon dispersion relation than the original one [28] in graphene. In the in-plane directions, we use the periodic boundary conditions. The total simulation time and step interval are set as 5 ns and 0.5 fs, respectively. The autocorrelation length is set as 100 ps which is long enough to obtain the converged heat current auto-correlation function (HCACF). Our GK-MD simulation shows that the thermal conductivity k 0 of the pristine single layer graphene (SLG) at room temperature is converged after the size of the simulation domain increases to 10 nm Â 10 nm. The thermal conductivity of SLG given by EMD based on the optimized Tersoff potential is about~1100 W/ mK at the classical room temperature without quantum correction, as also shown in our previous papers [29, 30] . Based on the different requirements for eliminating the size effect in different GNM samples, the size of the simulation domain in this work varies from 20 nm Â 20 nme800 nm Â 800 nm with the total number of atoms ranging from 30,000 to 3,000,000. All the thermal conductivity values in this work are averaged in the armchair and zigzag directions with three independent simulations.
Results and discussions
3.1. Effects of pore size, pore shape, neck width, porosity and temperature
The thermal conductivities k of the GNMs relative to that of the pristine SLG at room temperature (k 0 ) with respect to the neck width and the porosity are summarized in Fig. 2 . A porosity of 10% yields a significant reduction in k by about 80%, 90% and 98.5% in GNMs with the neck width of 10 nm, 5 nm and 0.75 nm, respectively. As shown in Fig. 2 (d), HC-GNM has the lowest thermal conductivity for the same neck width and porosity. It can be seen that at high porosity, k of HC-GNM can be 50% lower than the others. Generally k/k 0 reduces exponentially with increasing porosity and linearly with decreasing neck width. The linear dependence on neck width at fixed porosities is shown in Fig. 3 . At the porosity of 50%, k/k 0 reaches as low as 7%, 4% and 0.4% for the three neck widths, respectively. The GNMs fabricated in the experiment [1,3e7,10] often have a high porosity, which results in extremely low thermal conductivity. For instance, k reaches about 0.1% and 0.05% of k 0 in the 85%-porous HC-GNM and the 99%-porous HH-GNM, respectively. The extremely low thermal conductivity in GNMs goes far below the Fourier classic Eucken model
, by 1e2 orders. The Eucken model is only applicable to the structures with size being larger than the phonon mean free path (MFP). In GNMs, where the case is opposite, the neck width of~10 nm is significantly smaller than the effective phonon MFP of around 240 nm [33] in the pristine SLG. Besides the neck width and the porosity effects, the temperature T dependence of k/k 0 in the SC-GNM samples is shown in Fig. 4 . In contrast to the rapidly decreasing k with T in the pristine SLG, k of GNMs is generally not sensitive to T. Additionally, as the neck width is thin enough, k of GNMs usually increases with the rise of T, which contributes less to the reduction of phonon relaxation time than to the increase of phonon specific heat.
Potential thermoelectric property compared to graphene nanoribbon
More interestingly, the thermal conductivity in GNMs is found to be significantly lower than that of GNRs. In Fig. 5 , we show the relative thermal conductivity (k GNM /k GNR ) between GNMs and GNRs with (a) the same (neck) width and (b) the same boundaryto-area ratio at room temperature. The thermal conductivities in the 10%-porous GNMs with neck widths of 10 nm, 5 nm and 0.75 nm are found to be 65%, 75% and 85% lower than k GNR of the same neck width, respectively. At high porosities, k GNM can reach 10e200 times lower than GNRs with the same neck width. Sevinçli et al. reduced the thermal conductivity of the 0.75 nm-GNRs by 69% via a sharp zigzag-shape reconstruction. However, the thermal conductivity is still 6-fold and 60-fold higher than the thermal conductivity of the 50%-porous GNM and the 99%-porous HH-GNM [19] of the same neck width, respectively. The thermal conductivity of the sharp zigzag-shape GNR was further reduced by 96.2% via an extra 50%-14 C doping [19] with precursor distribution, and has been shown to achieve its highest ZT of 2 at room temperature with a 98.8% thermal conductance reduction compared to the pristine rectangular GNR. For comparison, without any edge engineering or isotope doping, the thermal conductivity of the 99%-porous GNM is 0.5% of that in the pristine rectangular GNR and is 2.4 times lower than the k of the 50%- 14 C doped sharp-zigzag-shape GNRs in Ref. [19] . This ultra-low k illustrates a possibility of a high ZT in GNMs if a similar power factor sS [1, 34, 35] and thus should be higher than that in sharp zigzag-shape GNRs. On the other hand, the Seebeck coefficient S of GNMs is possibly not low considering its direct band gap and semiconducting behavior. Moreover, S of GNMs may be tuned in the same way as GNRs by adjusting the neck width and using dopants [19, 36] since GNMs can be viewed as an interconnected network of GNRs [1] . Compared to the sharp-zigzag-shape GNRs with 50%-14 C isotopes of a precursor distribution, which are hard to be fabricated or applied to a real thermoelectric device, the GNMs can be fabricated on a large sheet of graphene and thus be easier for practical applications. The possible enhancement of ZT in GNMs owes to strong scattering of phonons and less scattering of electrons, whose MFP is significantly shorter. Based on this fact, Thiyagarajan et al. achieved a low thermal conductivity of 0.9 W/mK and a high electrical conductivity of 6660 S/m simultaneously in a threedimensional graphene nanonetwork [37] .
Phonon localization and back scattering
The ultra-low thermal conductivity in GNMs is interpreted by studying phonon localization using a vibrational eigen-mode analysis. The phonon participation ratio, defined as
describes the fraction of atoms participating in a particular vibration mode l. e ia,l is the ith component of the eigenvector of the mode l in the a-direction, with a representing x, y and z. N is the total number of atoms. The participation ratio varies from 0 for a complete-localized state to 1 for a complete-non-localized state. In Fig. 6 , we compare the participation ratio spectra in the pristine SLG, GNRs and GNMs. The high x l value of 1 in the pristine SLG demonstrates the global vibrations with all atoms participating in, which explains its extremely high thermal conductivity. After cutting off the two edges and the periodic pores, the x l in GNRs and
GNMs is reduced to about 0.7 and 0.5, respectively. The phonon participation ratio elucidates the phonon localization as one possible cause of the ultra-low thermal conductivity in GNMs.
Nevertheless, x l is still large in the low-frequency region, indicating that the long-wavelength phonons remain non-localized in GNRs and GNMs. The phonon localization is illustrated by the energy distribution defined by Ref.
[38]
ðn þ 1=2ÞZue Ã ia;l e ia;l dðu À u l Þ, with higher energy representing higher localization and lower energy representing higher transmission, as shown in Fig. 7 .
Besides the phonon localization analysis, a model of calculating the thermal conductivity in GNMs is studied. For simplicity, we drop the mode dependence of phonon MFP L and employ the effective MFP with the Matthienssen's rule being applied,
. L 0 is the effective MFP in pristine SLG with the value of 240 nm [33] . L b ¼ (1 þ p)/(1 À p)w is the MFP for a phonon to hit the boundary, where p is the specularity parameter ranging from 0 for completely rough edges to 1 for completely smooth edges. In summary, the thermal conductivity of GNRs and GNMs are given by
and
respectively. In Eq. (3), the factor 1 À P represents the loss of material based on the effective medium approximations [39] . k 0 1=1 þ L 0 =L b represents the lattice thermal conductivity of the imagined fully dense graphene materials with the boundaries the same as the GNMs. The equivalent width of GNM w ¼ D=2ð1=P À 1Þ, deviating little from W neck , is the width of the equivalent GNR that owns the same boundary-to-area ratio with the GNM. p r and p m represent the specularity parameters in GNRs and GNMs respectively. p r changes little with the width varying from 0.75 nm to 20 nm. p m is calculated for each particular GNM by Eq. (3). It is noted that the p m is an effective specularity parameter that not only accounts for the smoothness of the boundaries but also includes the factor of phonon localization and back scattering by the boundaries (Fig. 7(b) and (c)). As shown in Fig. 8 , the GNRs own a high specularity of about 0.95 which agree with Ref. [40] . In contrast, due to the phonon back scattering by the nanopores in GNMS, p m is typically around 0.2e0.5 and decreases as the porosity P increases in SC-GNMs and HC-GNMs. Interestingly, p m is approaching to the GNR limit in HH-GNMs as P increases. This is consistent to the fact that SC-GNMs and HC-GNMs approach the interconnected network of GNRs with curved edges, while HH-GNM approaches those with straight edges.
Phonon coherence in two dimensional superlattice
GNMs can also be viewed as two dimensional superlattices constructed by the periodic pores, in which the phonon coherence is of great interest. As a comparison, it is well known that the phonon coherent in one dimensional superlattice is important, e.g., Wang et al. [41] have shown that the random multilayer structures have much lower thermal conductivities than superlattice due to the break of phonon coherence. However, in two dimensional superlattice, periodic boron nitride islands doped graphene, the break of periodicity of BN islands does not make much difference to the thermal conductivity. Such phenomenon is understandable by comparing the freedoms of the phonon transport. In 1D superlattices, the phonon transport is confined in one specific direction and thus the phonon coherence can be easily broken by breaking the periodicity. In contrast, in 2D or 3D superlattices phonons are harder to be blocked by breaking the periodicity since they can transport energy in a higher degree of freedom. Here, to probe the phonon coherence in the 2D superlattice GNM, we investigate the effect of random pore distribution on the thermal conductivity. Take the 30%-porous GNMs as examples, we find that the thermal conductivity of GNMs is reduced by 20e40% when the order of pores is broken. This result indicates that the phonon coherence in GNM still exists but is not as important as in 1D superlattices.
Effect of isotope and edge passivation
Isotopes and edge passivation are commonly seen in real GNM devices [42] . Isotopes induce mass disorder and phonon-isotope scattering and thus reduce the thermal conductivity [43] . We compare the thermal conductivities in the intrinsic 12 C-GNMs, intrinsic 13 C-GNMs, and randomly 50%-13 C doped GNMs (Fig. 9(b) ).
We find that the random 50% 13 C doping makes negligible difference to the thermal conductivity of the intrinsic 12 C-GNM or the intrinsic 13 C-GNM, in contrary to that in the pristine SLG [30, 44, 45] and other pristine materials [43, 46] in which isotopes remarkably reduce the thermal conductivity. This is because in the pristine materials, the phonon isotope scattering induced by the isotope mass disorder is comparable to the intrinsic phonon anharmonic scattering and thus makes a huge difference to the total phonon transport. Whereas in GNMs, the large phonon localization induced by boundary scattering overwhelms the mass disorder induced by isotopes, and as a result, the phonon transport is scarcely affected by isotope doping. Also, we find that the thermal conductivity is slightly reduced by edge passivation (Fig. 9(c) ) at small neck widths, in contrast the large reduction in GNRs [47] , by using the Brenner potential [48] to model the interaction between hydrogen atoms and the edge carbon atoms. The effect of passivation increases with increasing neck width and porosity. Among the simulations we conducted, the largest reduction by H passivation can reach as high as 50% for the neck width of 7 nm.
Conclusions
To conclude, the thermal conductivity of GNMs is studied systematically by using GreeneKubo molecular dynamics spreading a wide scale from nm to mm with different neck widths, pore shapes, pore arrangements, and temperatures. The GNMs are found to have an extremely low thermal conductivity, which is significantly lower than that in the GNRs with the same width and boundary-to-area ratio. A rough analysis indicates the possibility of a considerably high ZT in GNMs. Given that GNMs can be fabricated in large sheets of graphene, which is easier for the practical application than the nano-size GNRs [1] , the GNM devices may become a better thermoelectric candidate than GNRs. The ultra-low thermal conductivity in GNMs arises from the large phonon localization and the back phonon scattering around the nanopores. An effective specularity parameter is found to be around 0.2e0.5 in GNMs, which is much lower than the 0.95 in GNRs. Also, we find that the thermal conductivity of GNMs is reduced by 20e40% when the order of pores is broken, indicating the existence as well as less importance of phonon coherence in two-dimensional superlattices compared to one-dimensional superlattices. We have found that the isotope effect is negligible. The k reduction by edge passivation is small compared to GNR, but increases as the neck width or porosity increases.
